MEMORANDUM REPORT BRL-MR-3610

AD-A184 171

THREE DIMENSIONAL BASE FLOW
CALCULATION FOR A PROJECTILE
AT TRANSONIC VELOCITY

JUBARAJ SAHU

JUNE 1987

APPROVED FOR PUBLIC RELEA-E, DISTRIBUTL N UNLIMITED

US ARMY BALLISTIC RESEARCH LABORATORY
ABERDEEN PROVING GROUND, MARYLAND

1
'
e e e S SSE———————



Nestroy this report when it is no longer needed.
Do nct return it to the originator.

Additional copies of this report may bhe.obtajined

: from the National Technical Information Service,

' U. S. Department of Commerce, Springfield, Virginia v 3
22161. !

.‘ramy . .

]

- o
(4]

. The firdings in this report are not to be construed as an oificial

. Department ¢f the Army position, unless so designated by other

. authurized documents.

The use of trade names or manufacturers' names in this report
doct not constitute dndorsement of any commercial product.




> 0
&

LI

- ;v"_JJ._H,‘

g
) )

- e

Na¥e oy

-
L e

-]

(el el elnt

»

,~"; / VR
s—LECUuR!luTYASCLS'UASEHSIHCAD'TIO__F'_N OF THIS PAGE P :

REPORT DOCUMENTATION PAGE OMB NG 5305 9188

Exp Date Jjun 30, 1986

1a REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS

UNCLASSIFIED
«a SECHIRITY CLASSIFICATION AUTHORITY 3 OISTRIBUTION/AVAILABILITY OfF REPORT

_ Approved for public release, distribution
[ CLASSIFICATION / DOWNGRADING SCHEDULE unlimited,
4 PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)
6a NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING QRGANIZATION
lu.s. Army Ballistic Research (If applicable)

Laboratory SLCBR-LF-R

6c. ADDRESS (City, State, and 2IP Code) 7b ADDRESS (City, State, and 2IP Code)

Aberdeen Proving Ground, Maryland 21005-5066

8a. NAME OF FUNDING / SPONSORING 8b. OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (1f applicable)
8¢c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS
PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO NO NO ACCESSION NO
61102A {1L161102AH4 00 001 AJ

11 TITLE (Include Security Classification)

THREE DIMENSIONAL BASE FLOW CALCULATION FOR A PROJECTILE AT TRANSONIC VELOCITY
12 PERSUNAL AUTHOR(S)

SAHUL, JUBARAL

13a TYPE OF REPORT 13t TIME COVERED 14 DATE OF REPORT (Year, Month, Day) |15 PAGE COUNT
Memorandum Report FROM 70

16. SUPPLEMENTARY NOTATION

17 COSATI CODES 18 SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
FIELD GROUP SUB-GROUP Base Flow Navier-Stokes
01 01 Angle of Attack Transonic Speed
19 04

19. ABSTRACT (Continue 0n reverse if necessary and identity by block number) As part of an On(_]O'i ng research program

to develop predictive capabilities for projectile aercdynamics at transonic speeds, a three
dimensional base flcw code has been developed to cowp:ite the base region or wake flow behind,
projectile, The time-marching, thin-layer, Navier-Stokes computational technique has been
used, in conjunction with a unique flow field segmentation procedure, to compute the full

flow field over a projectile including the base region at angle of attack, A flow field solu-
tion has been obtained for a typical artillery projectile at Mach number, M = ,96 and 4° angle
of attack, DNetails of the flow field on the boattailed afterbody and in the base region are
presented., Surface pressure, base pressure and aerodynamic coefficients are computed and
compared with experiment,

20 DISTRISUTION / AVAILABILITY OF ABSTRACT 21 ABSTRACT SiuUR:TY (1.ASS FCATION
Gd UNCLassiEiED uNLMITED [ sante as epT O orc usiss UHCLASSTELED
228 NAME OF RESPONSIBLE IND'VIDUAL 22b TiLEPRONE (Indude Area Code) | 22¢ GRRFICE SYMEOL
el lBARAL _SAHU (301) 278-3707 Q) (RR-|f
DD FORM 1473, 8aMaAR B3 APR edit'on may be ysed unti e4rausted __SECURTY GASSSCATION OF THIS PAGE

All other edit.0ons are pLsete

UNCLASSIFIED




TABLE OF CONTENTS

LIST OF FIGURES.eeseesosescsccssssacsscossssesssssccsesnasoscansaces

I. INTRODUCTION:eeeoeoceoscsasasssscscnsoscsoscecsncassovoscnscssnnsncss 1

. I1. GOVERNING EQUATIONS.eseeecscsesscosssosscsesccscscoccososococosasss 1
II1, NUMERICAL METHODuseecossssoesscsccsvnssasscescnssoscssssssssnsssone 3

1- COWUTATIONAL ALGORITHM....o...0000-.--00.-0.0000oo.lnoooccoooo
2. FLON FIELD SEGMENTATION'................G.......l..............
3. BOUNDARY CONDXTIONS AND TURBULENCE MODEL....--..-.-..--.-oo.oo.

Iv. MODEL GEOMETP\Y AND EXPERIMENT.....Q..........O.........I'..........

v. RESULTS........'.'...I.'o................................'.........

O O O O W

VI- CONCLUDING REMARKS.'...."'......’......................'..........

REFERENCES.....Q.I.II.......0'.0........'..............."..'.‘.." 27

LIST OF SYMBOLS.'.'.I..l.............I'.Q!.........‘.........O..... 29

DISTR}BUTION LIST...'.................'............................. 31

Alcesio: i:).' B
—7.._.7_._....- r———— e - . - 4
l"Tl..) (I'\'_Ai

Oir> 10as [

1

) :
Uit g ! [
[




<
"
\
~
K
g ]
'l
ﬂ
:
.
Eq
é
[ |
[ §
X
iy
]
E
o
.,
g
[]
L Y
94
T |
e

T AR eI AR TY X TR A GRS T b T Y 2 ol RN u" e e

Figure

ba

5b

12
13

14
15

16

LIST OF FIGURES

Schematics of f]Ow field Segmentat'i()ﬂ.-.n........-nnn.......
Detai]s of mOde] geometry.l.l...0.00.......0...00......0.".0...
Eypinded grid over the boattail and base regioNee.esscesacescnss

Particle paths in windward and leeward planes in the base

region’ Mw = .96, a = 400.0.0..0..00...'...0..0...O...C.‘.......

Computational grids for the wind-side, lee-side and base

regions.......Il...'......l‘l....0..........................l".

Mach contours for the wind-side, lee-side and base regions,

Mm = .96. a = 40...-0-..----....------.--..-...-..-.--o.--..oo..

Mach contours in the base region, M = .96, a = 4%, . .ccvvencnss
Pressure contours in the base region, M_= .96, a = 4%, ..ie0nvee
Shock locations on the boattail, M = .96, a = 4%, .iieuvircnnnns
iongitudinal surface pressure distribution, M_= .96, a = 4°...

Circumferential surface pressure distribution, M_ = ,96,

a = 40, X/D 4'5.'..'.....l..l..'.....'.'......Q.Q.......'.I"l..

Circumferential surface pressure distribution, M_ = .96,

o = 40’ X/D = 5.19....’..ll.l.oI...I..........'....Il'........'.

"

Circumferential Surface pressure distribution, M_ .96,

a = 40’ X/D = 5.56...'........l...l.......'...........ll........

Circumferential surface pressure distribution, M_ = ,96, a = 4°,

X/D = 5.78'...O.I........'.............'l'.........’.......'..'.
Circumferential base pressure distribution, M_= .96, a = 4°.,,.

Development of axial force covefficient over the projectile,

Mm = .96’ a = 400UC.I...............'..'........I......ll...l.l.

Development of normal force coefficient over the prcjectile,

Mm = .96, a = 4°lt0.0'....00..........0.....Oll.n.llll.l.l.llll.

Page
10

11
12

13

14

15
16
17
18
19

20

21

22

23

24

26



LEE S Afp

£
v

SR

LY
[ T A |

24

o
'- "

P

-
s_a

T s ®_m, &
AR, . 1
LI o W I

AR R

LaR
Y

RN
i)

Oy
P

I. INTRODUCTION

The accurate prediction of projectile aerodynamics is of significant
importance in the early design stage of a projectile., An area of considerable
interest in transonic projectile aerodynamics is the determination of the
critical aerodynamic behavior. The critical aerodynamic behavior of projec-
tiles occurs in the transonic speed regime, 0.9 < M < i.l, where the aerody-
namic coefficients have been found to increase by as much as 100%. This rapid
change in the aerodynamic coefficients can be attributed in part to the com-
plex flow structure existing on projectiles at transonic speeds. For projec-
tiles flying at angle of attack, the shock pattern is asymmetric and thus,
contributes to the critical aerodynamic¢ behavior,

In recent years a considerable research effort has been focused on the
development of modern predictive capabilities for determining projectile
aerodynamics, Numerical capabilities have recently been developed using the
Navier-Stokes computational technique to compute the flow over slender bodies
of revolution at transonic speeds, This technique was used to predict pro-
jectile aerodynamics for both axisymmetric! and 3-D flow? situations. The 3-D
flow predictions? were rather poor which could be due to lack of sufficient
grid resolution and, more importantly, lack of correct base flow modeling,
These calculations did not include the base region flow. The upstream effect
the base region flow may have on the afterbody flow field and the associated
snock structure was, thus, neglected. Deiwert? has also suzcessfully comeuted
the three dimensional flow field over a boattailed afterbody. Emphasis in his
work was on the boattail flow field and not on the base region flow, Recent-
1y, an axisymmetric thin-layer Navier-Stokes base flow code has been developed
to compute the entire projectile flow field including the base region using a
unique flow field segmentation procedure.* This code has been used to compute
base flow with and without mass injection™ and including jet effects.> The
objective of this initial effort is to extend the capability of this code to
three-dimensions in order to include the upstream effect of the base flow and
to calculate the pitch plane projectile aerodynamics at transonic speeds. The
asymmetric shock pattern existing on the projectile and possible base region
influence are felt to be the major contributors to the critical aerodynamic
behavior at transonic speeds,

This report describes the initial capability which is used to predict the
flow field over a 6 caliber secant-ogive-cylinder-boattail projectile at M =
.96 and a = 4°, (Computed results, obtained on a (Cray X-MP computer are pre-
sented and compared to experimental data, A brief description of the govern-
ing equations and the flow field segmentation procedure is included.

I1. GOVERNING EQUATIONMS

The HNavier-Stokes equations solved herein make use of the thin-layer
approximation.® That 1is, the viscous terms invoiving velocity gradients in
both the Jlongitudinal and circumferential directions are neglected, The
viscous terms are retained, however, for velocity gradients in a direction
nearly normal! to the surface where large flow field gradients exist. This
formulation retains the momentum equations in all three coordinate directions.
The retention of the three momentum equations allows for the computation of
separated flow and thus differs significantly from boundary-layer assumptinns,

1
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The equations solved here are written in a generalized coordinate system, 1
This allows a wide variety of body shapes to be computed using the same basic ;
numerical technique, The three-dimensional, transformed, thin-layer Navier
Stokes equations written in nondimensional, strong conservation law form are’
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The velocities in the £, n, ¢ coordinates are
U= &t + Cxu + gyv + ezw
V= +nu+ nyV + oW (2)
W = Gt + Gu cyv + 5, W

which represent the contravariant velocity components,

The Cartesian velocity components (u, v, w) are retained as the dependent
variables and are nondimensionalized with respect to a_ (the free stream speed

of sound). The local pressure is determined using the relation
p=(y - 1){e- .50(u2 + v2 + w2)] (3)

where v is the ratio of specific heats, density (p), is referenced to p_
and total energy (e) to p_a_ 2.

111. NUMERICAL METHOD
1. COMPUTATIONAL ALGORITHM

The numerical scheme used for the solution of Equation (1) is a fully,
implicit, approximately factored, finite aifference algorithm in delta form as
analyzed by Beam and Warming,® This scheme can be first- or second-order
accurate in time and second- or fourth-order accurate in the three spatial
directions. The solution of the three-dimensional equations 1s implemented by
an approximate factorjzation which allows the system of equations to be solved
in three one-dimensional steps. 7This procedure has been utilized in previous
applications?™9 with high degree of success. Additional details of the numer-
ical method, computational algorithm and boundary conditions can be found 1n
Reference 9,

- & 5 & ;.




b 2. FLOW FIELD SEGMENTATION

S A unique flow field segmentation procedure has been used for three-
dimensional flow over a projectile including the bdase flow. This is similar

- to the cne previously used 1n the axisymmetric flow situation® where two 2-D

adjoining grids were used. The segmentation process allowed the existing
. finite difference algorithm to be applied to two 3-D adjoining grids by making
K - modifications in the internal structure of the block tridiagonal matrix and
: boundary conditions. This greatly simplified the development of the code for
computations of flow over a projectile at angle of attack including the base
region,

Fiqure 1 is a schematic illustration of the flow field segmentation used
to compute the entire projectile flow field that includes the base flow, It
shows h w the two grids ABCD and AEFG in the physical plane are transformed
into a single segmented grid in the computational domain., An important advan-
o tage of this segmentation procedure lies in the preservation of the sharp
& corner at the base, which allows easy blending of the computatioral meshes

: between the regions ABCD and AEFG. No approximation of the actual sharp
v corner at the htase is made, Thus, realistic representation of the base is
5 inherent in the current procedure, The cross-hatched region represents the
projectile. The line B( is the projectile base and the region ARCD is the
base or wake region, The line AB 1s a computational cut through the physical
base region that acts as a repetitive boundary in the computational domain.

TR S S

With the computational domain so segmented, implicit integration is car-
ried out in &, ¢ and n directions by sulving the block tridiagonal matrices
first 1n £ and then in 7 and n,  The block tridiagonal matrix in the
£ direction has elements at J = JB, JB+]1 which are treated as internal boun-
daries in the computational domain (J = JB represents the projectile base and
J = JB+1 is the nose axis)., The block tridiagonal matrix in the £ direction

> takes the following form (after setting ¢, = 0 to simplify the illustration)

- — — - —
\ . 3 2 2
3 -, 1 Ay a5 RHSS

. . L L] .

: 4 - PI .'[“ - -

JB-2 J - .
0 I 0 a  |=] O (4)
8+1 .
0B+ 3 . 0

“Aager Saman-11] | *MSgmax-1
S — e -_—t A

?éé A, 1 is a 5 x5 identity matrix and RHS is

—

Here A's denote the quantity

tre ragnt nand si1de of the finite-difference form of Equation (1), hote the
; atipeardnce of the uncouples block tridiagonals. The rows at JB and JB+l are
Y 4
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particularly simpie because boundary conditions are updated explicitly at the
end of invorsioncs, Onre simply fiils the block tridiagonal matrix ignoring the
base JB ana Ll nose axis JB+l, Elements in these rows are then overloaded as
shown above, The flow field segmentation does not affect the block tridiagon-
al matrix in the g and n directions. This is readily accomplished by initial-
1y ignoring these boundaries and then overwriting the tridiagonal elements.

3. BOUNDARY CONDITIONS AND TURBULENCE MODEL

The no slip boundary condition for viscous flow is enforced by setting the
contravariant velocities to zero, i,e,,

on the projectile surface, The flow field in the immediate near-wake region
has been considered to be weakly viscous and inviscid boundary condition is
used at the base. The viscous terms near the proj-:tile surface and across
the shear layer are considered to be the most dow..::a:i° and have been retained
within the thin-layer approximation used here, Thi: approximation neglects
the viscous terms norma! to the base that are believed to be less significant,

Recently, solutions have been obtained for axisymmetric base flow computa-
tions where viscous terms in the longitudinal direction or normal to the base
were included, These unpublished results obtained with full Navier-Stckes
equations and viscous boundary condition at the base are not found to he sig-
nificantly different from the earlier solutions obtained with the thin-layer
approximation and inviscid base boundary condition. This justifies our use of
inviscid boundary condition at the base, Additionally, the grid points used
for the three dimensional calculation results in a rather coarse grid in the
near wake, The pressure, p is calculated using the three transformed momentum
equations and density, p is extrapolated at the inner boundary (body surface).
At the base, these two quantities are extrapolated,

At the outer boundary, constant free stream values are used for all vari-
ables. The flow variables above and below the cut (line AB in Figure 1) are
simply averaged to determine the boundary conditions along the cut. All
variables at the downstream, upstream axis and on the center line of the wake
region are obtained through extrapolation. For nonspinning projectiles at
angle of attack, symmetry exists about the axis of the projectile and the
computation is performed only over the half plane. Thus, symmetry boundary
conditions are imposed at both ends in the circumferential direction. Because
of this boundary condition, only the static aerodynamic coefficients for pitch
plane aerodynamics can be determined. For spinning projectiles at angle of
attack, the full three dimensional flow field must be computed,

For the computation of turbulent flows, & turbulence model must be sup-
plied, In the present calculations, a two-layer algebraic eddy viscosity
mode] due to Baldwin and Lomax® is used. In their two-layer model, the 1nner
region follows the Prandti-Van Driest formulation. The outer formulation can
be used in attached and separated boundary layers and with minor modifications
in wakes as well, In both the inner and outer formulations, the distribution

5




of vorticity is used to determine the ‘'ength scales, thereby avoiding the
necessity of finding the outer edge of the boundary layer (or wake), For base
or wake flow, a few minor modifications are made, These are discussed in
Reference 4 and are not included here, The algebraic eddy viscosity iodel is
simple to use; however, it is not strictly valid for such wake flows, Two
equation turbulence models are better suited for these flows., These models
have been used to compute axisymmetric base flow!0 and have failed to provide
better predictions than those obtained with simple algebraic eddy viscosity
model. impre .ent  in the advanced two-equation turbulence modeling is
needed, The accuracy of the numerical computations should improve with
iinprovement in the turbulence modeling,

IV, MODEL GEOMETRY AND EXPERIMENT

Une means of establishing the computational accuracy of a numerical scheme
is through comparisons with available experimental data. The model used for
the experiment and computational study presented here is an idealization of a
realistic artillery projectile geometry, The experimental model shown in
Figure 2 consists of a three-caliber (1 caliber = maximum body diameter),
sharp, secant-o0give nose, a two-caliber cylindrical midsection, and a one-
caliber 7-deg conical afterbody or boattail, A similar model was used for the
computational studies with the only difference being a 5% rounding of the nose
tip, The nose tip rounding was done for computational eftficiency and is con-
sidered to have littie impact un the final integrated forces,

The experimental opressure datall! 12 ysed for comparison in this report
were obtained in the NASA Langley 8-ft Pressure Tunnel using a sting-mounted
model., The test conditions of 1 atm supply pressure and 320 K supply tempera-
ture resuited in a Reynolds number of 4,5 x 10® based on mode) length, The
pressure data were obtained with the model nonspinning.

Vo RESULTS

As indicated earlier, this solution technigue involves solving the time-
dependent, thir-layer, Navier-Stokes equations. The procedure is started by
assuming uniform free-stream conditions for all grid points in the computa-
tional domain, A slow start of the boundary conditions is implemented and the
calculation marches in time untii a steady-state solution is obtained. A
criterion for convergence is for the solution residual to decrease by three
orders of magnitude. Also, the surface pressure distribution is checked for
time invarilance. The implicit technique used here allows for large computa-
tional time steps to be taken, which nelps to reduce the total computation
time, All the computed results to be pr:sented are for M = ,96 and a = 4°,

One of the first steps in nerforming a computation is the generation of a
computational grid, Tnese points dare determinea prior to tre computations and
are not changed with time, An example of the computatioral grid used in this
study 1s Shown 1n Figure 3, This figure shows *n expanded view of the ¢rid
for tne boattailed afterbody and the base region. The surface of the boattail
and the base can be seen along with the grids in the windward and leeward
planes. These grids (excluaing the base region) were generated using a modi-
fied version ot an elliptic grid generation code described in Reference 13,

6
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The grid in the base region was then added following the flowfield segmenta-
tion procedure to obtain the full grid. The outer flowfield boundary was
placed approximately 18 body diameters from the body surface. At this dis-
tance, the flowfield should be uniform and the imposed free-stream boundary
conditions are valid, The clustering of grid points near the body surface is
required to resolve the viscous boundary layer near the body surface. Grid
clustering has also been used in the longitudinal direction near the boattail
and the base corners where large gradients in the flow variables are expected,
The largest grid size that could be accommodated in the (ray X-MP/22 computer
at NASA Ames Research Center was 70 X 36 X 21 (longitudinal, normal and cir-
cumferential)., This grid resolution is inadequate for numerical simulation of
the entire projectile including the base region, In order to obtain meaning-
ful results, computations were carried out 1in two pieces, The first one
corresponds to the solution over the projectile with emphasis on the forebody
solution X/D < 4.5 and the other, X/D > 4.5, containing the boattail corner
and the base region, For each of these cases, a 70 X 36 X 21 grid was used,
Computations were first run for the projectile where the base flow was modeled
4c an extended sting,2 The converged solution at X/D = 4.5 was then used as
an upstream boundary condition for computation of the boattailed afterbody and
base region flow field using the grid shown in Fiqure 3, The code, however,
has been decveloped so that complete numerical simulation of a projectile
including the base reginn can be made, Such simulations require larger com-
puter memory and are currently in orogress using the BRL CRAY X-MP/48
computer.,

Particle paths in the base region for both the windward and the leeward
nlanes are shown in Figure 4, This figure shows the general feature of the
flow in the base region, The recirculatory fiow in the base is evident, In
addition, this figure shows the expected asymmetry in the recirculatory fiow
pattern in the wind-side and the lee-side planes, The size of the separation
bubble in the lee-side s much larger than that on the wind-side. Figure 5
shows the grid and the Mach number contours in the same perspective view which
includes the windward and leeward planes as ivell as the circumferential plane
at the end of the afterbody, i.e,, at the base. As seen in Figure 5a, the
grid stretching at the base region in the normal direction is used on both
sides of the base corner. The corresponding Mach contours in Figure 5b show
the expansion wave front in the base region which seems to grow as the lee-
side 1s approachec,

Figures 6 and 7 are two-dimensional views which show the Mach contours and
pressure contours, respectively, over the boattail and in the base region for
the windward and leeward planes, Figure 6 shows mixed regions of subsonic
flow and supersonic flow, The recirculation region in the near wake is sub-
sonic, It also indicates the asymmetry in the flow field in the base region
and the presence of strong free shear layers. Pressure contours are shown in
Figure 7 which show the expansion at the boattail corner and indicate the pre-
sence of a shock wave on the boattail. The grid in the longitudinai direction
on the boattail is rather coarse and, thus, a sharp shock wave is not seen,
The expected asymmetry in the near wake flow field 1is clearly ceen in this
figure. The position of the shock wave is better shown in figure 3. The
snock location is based c¢n looking at the Mach number component in the direc-
tion of the local pressure gradient. The shock structure is asymmetric., The
shock wave on the boattail in the wind-side is closer tc the base than the one
in the lee-side.
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The surface pressure coefficient is shown as a function of the longitudi-
nal position for both the wind-side and the lee-side in Fl ure 9. The compu-
tational results are compared with the experimental datall shown in squares
and circles, The agreement betwean the computed surface pressure coefficient
and experimental data on the wind-side is good. The expansions and recompres-
sions near the ogive-cylinder and cylinder-boattail junctions are captured
adequately by the computation. Comparison of the surface pressure on the lee-
side shows discrepancy on the ogive as well as the boattail, The agreement
with experimental data is better near the ogive-cylinder junction, The com-
puted surface pressure on the lee-side is lower than that on the wind-side;
whereas the reverse is true on the boattail, A similar trend is observed
experimentally. Comparisons between computation and experiment for the
circumferential surface pressure distribution cre shown in Figures 10-13 for
longitudinal positions X/D = 4,5, 5,19, 5,56 and 5,78, respectively. Figure
10 shows the comparison at X/D = 4.5, This is on the cylindrical porticn up-
stream of the boattarl. The agreement between the computation and experiment
is excellent, This solution was used as an upstream boundary condition for
the boattailed afterbody and base region flow computation. Comnarisons at the
next three stations arz on the boattail., Figures 11 and 12 show the compari-
sons at X/D = 5,19 and 5.56, respectively, As seen in these figures, the com-
putation predicts the correct trend of the data. The agreement is good near
the wind-side (¢ = 0) and gets worse as the lee-side (¢ = 180°) is approached
(overpredicting at X/D = 5.19 and underpredicting at X/D = 5.56). The next
station, X/D = 5,78 is on the boattail just ahead of the base corner (Figure
13) and here the influence of the base region flow should be the largest,
Discrepancy between the computed result and the experiment exists at all
points in the circumferential direction at this station; however, the trend of
data 15 again correctly captured in the computed result, The discrepancy is
partly due to the fact that the experimental data were obtained using a sting
mounted model whereas the computation does not include the sting and also
partly due to lack of adequate grid resolution on the boattail, The effect
that the asymmetrically located shock structure existing on the boattail can

have on the pitching moment is not clearly understood and is a subject of
further investigation,

The base pressure for this SOCBT projectile has been obtained and plotted
as a function of roll angle in Fiqure 14, The computed result (solid Tine) is
compared to experimental datel? shown in circles. This base pressure is
taken at 44% of the base radius from the center line. As seen in tnis figure,
t~e base pressure coefficient seem to decrease slightly in going from the
wind-side to the lee-side, This trend 1is also observed in the experiment.
The computed result is underpredicted; however, it should be noted that these
base pressures were measured with a sting mounted in the base region., The
effect of the sting on the base pressure and the boattail flow field has not
been mogelied in the present computation., In addition, the computational grid
in the base region has been severa2ly stretched in the streanwise direction,

The finai result desired from the flowfield calcylations 1s the determina-
tion of the aerodynamic coefficients, The resu'ts to be presented here
include the axial force and normal force coefficients. These are obtained by
integratinn of the pressure and viscous forces acting on the projectile,
These aerodynamic coefficients are plotted in Figures 15 and 16 as a function
of longitucinal pesition and illustrate the development of the force over the
length of the projectile, Figure 15 shows the axial force coefficient as it
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begins to rise over the first half of the nose (P > P_) and then drop as the
ogive-cylinder junction is approached (P < P_). This is followed by a sma’

increase over the cylinder which results from the viscous cortribution only.
There is no contribution to this increase due to the pressure forces on the
cylinder. The axial force coefficient rises sharply over the boattail and
then levels off, Comparison with the accumulated axial force coefficient
obtained experimentally shows favorable agreement, The experimental result
does not include the viscous component; and, therfore, 1s expected to be smal-
ler than the computational result, Figure 16 is a plot of the normal force
coefficient, The rapid increase in normal force that occurs on the ogive
portion of the projectile is shown. The cylinder portion should produce no
significant additional normal force; however, the computation indicates a
s1ight increase in the normal force. The reversal in the direction of the
force on the boattail can be seen clearly, The accumulated normal force coef-
ficient, indicated by the dark dot, has been cverpredicted by the computation,
It is clear that the boattail has a dramatic effect on the aerodynamic coeffi-
cients., Thus, good resolution of the boattail flowfield is essential.

Te W VIR ¢ A A, ST SEE—

i VI. CONCLUDING REMARKS

L]

i This repert described the development and the application of an unsteady,
K thin-layer, N3vier-Stokes base flow code to compute the 3-D base flow of
: projectiles at transonic speeds.

'

: This capability, which utilizes an implicit finite difference scheme, was
' used to predict the base region flowfield of a projectile at M_ = ,96 and a =

4°, The solution was marched in time for approximately 2800 time steps to
obtein the steady state result, Computations were performed on a Cray X-MP/22
: computer using 52920 grid points which required 14 hours computer time,
Computed results show the recirculation region and the asymmetric wake in the
base region. The initial results indicate the presence of asymmetrically
located shock structure on the boattail upstream cf the base corner, The poor
agreement between the computed surface pressures and aerodynamic coefficients
with experimental data indicate the need for more grid resolution. These
initial results are encouraging and the capability has now been established
for three dimensional numerical simulation of a projectile including the base
region., The need for additional grid resolution exists for accurate numerical
predicztions, Accurate prediction of all these coefficients is needed.
Further computations are then needed at other Mach numbers in the transonic
regime to determine the critical aerodynamic behavior of projectiles.
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LIST OF SYMBOLS

a = maximum speed of sound

A = Cross sectional area

C = specific heat at constant pressure

Ca = axial force coefficient excluding base drag
C = pitching moment coefficient

Cn = normal force ccefficient

pressure coefficient, 2(p-p_.)/pu2

D = body diameter (57,15mm)

e = total energy per unit volume/p_aZ

{aal
-
-
-
o)
0

flux vector of transformed Navier-Stokes equations
J = Jacobian of transformation

M = Mach number

P = pressure/p a‘

Pr = Prandt] number,uwcp/.ca°

q = vector of dependent variables

R = body radius

Re = Reynolds number, p_a D/u_

S = viscous flux vector
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i' U,V,¥ = (Cartesian velocity commne- ts/a_

. U,V,W = (ontravariant velocity cumponents/a_
[ |

o X, Y2 = physical Cartesian coordinates

-~
o~
[

Y = ratio of specific heats

K = coefficient of thermal conductivity
'
- b = coefficient of viscosity

-
<
4
A 4

t = physical time

»
[
1

= angle of attack
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LIST OF SYMBOLS (Continued)

SNyt = transformed coordinates in axial, circumferential and radial

5; directions
> P = density/p,
i
T = transformed time
2 ¢ = circumferential angle
2
ﬂ;‘

SuQerscriEt

i * = critical value
A
[t
.
O subscript
ol
Ll
b = base
.;: © = ftree stream conditions
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